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Abstract

The thermal stability and catalytic activity of phospholipase A, from Serratia sp. MK1 were
improved by an evolutionary molecular enginéering. Two thermostable mutants were isolated
after sequential rounds of error-prone PCR to introduce random mutations and filter-based
screening of the resultant mutant library, and identified as having six (mutant TA3) and seven
(mutant TA13) amino acid substitutions, respectively. Different types of the substitutions were
found in two mutants, resulting in the increase of nonploar residues (mutant TA3) or changes
between side chains within polar or charged residues (mutant TA13). The wild-type and mutant
enzymes were purified, and the effect of temperature on their stability and catalytic activity was
investigated. The T, values of TA3 and TA13 were increased by 7 and 11°C, respectively. Thus,
evolutionary molecular engineering was found to be an effective and efficient approach to

increasing thermostability without compromising enzyme activity.

Introduction

Enzymes can be tailored for optimal performance in industrial applications by evolutionary
molecular engineering, also called directed evolution or in vitro evolution (Amold and Moore,
1997; Rubingh, 1997). Many successfully engineered proteins have been reported, and
especially, enzymes with enhanced properties such as sufficient stability (Giver et al., 1998;
Zhao and Amold, 1999), high activity (Taguchi et al., 1998), altered substrate spectificity (Yano
et al., 1998) and the ability to interact correctly with surfaces (Egmond et al., 1996) have been
developed for industrial applications (Amold and Volkov, 1999). Judging from the recent
successes in irrational design approaches such as mutagenic PCR (Cadwell and Joyce, 1992)
and DNA shuffling (Stemmer, 1994) followed by screening for improved properties, directed
evolution may be more efficient than rational design involving both iterative computer design

and site-directed mutagenesis.
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Especially, thermostability is often a primary goal in improving the properties of an
industrial enzyme, since high temperatures in industrial processes impart such benefits as
increased substrate solubility, decreased viscosity of the medium or lower risk of microbial
contamination. In other words, thermostable enzymes are of considerable biotechnological
interest as their enhanced stability could greatly reduce enzyme replacement costs or permit
processes to be carried out at high temperatures. Recently, many attempts have been made to
understand the principles of the stability of proteins: the introduction of disulfide bonds (Reiter
et al., 1995), chemical cross-links (Noda et al., 1997), salt bridges (Fairman et al., 1996) and
metal binding sites (Pantoliano et al., 1988) and the increase of intramolecular hydrophobic
packing (Yutani et al., 1987) have been proposed. However, the application of these principles
is limited to the enzymes whose 3-D structures have been determined. Especially in the case of
enzymes without the extensive information on structure and function, directed evolution is a
powerful tool for studying or engineering thermostability and catalytic activity of the enzymes.

Phospholipase A, hydrolyzes 1-acyl group of a phospholipid to lysophospholipid and
fatty acid. In recent years, it has been reported that phospholipase A, as well as well-
characterized phospholipase A, plays an important biological role in both phospholipidosis, a
pathological condition in which phospholipids accumulate in lysosomes (Reasor and Kacew,
1996), and virulence factors for bacterial and fungal pathogenesis (Hoffman DR, 1994). In
addition to its physiological roles, phospholipase A, is of particular interest in industrial
application as it yields 2-acyl-lysophospholipids. Lysophospholipids as excellent emulsifiers are
particularly suitable for use in many industrial applications, such as in food technology, or in the
cosmetics and pharmaceutical industries. Lysophospholipids show the ability to enhance
emulsification properties in oil/water emulsions due to an increased solubility in water, form
emulsions which are more stable to changing pH and temperature conditions, and maintain
emulsions stable in the presence of magnesium or calcium ions. Lysophospholipids also have
several physiological functions, such as its role in platelet aggregation and its role as a signaling
molecule (Durieux and Lynch, 1993). They also affect ripening and storage characteristics of
fruit, leaves and green plant tissue (Palta and Farag, 1992).

The phospholipase A, gene, plaA from Serratia sp. MK1 encodes a monomer of 321
amino acids and has been cloned as described in our previous study (Song et al., 1999). Even
though the presence of phospholipase A, has been reported in various sources (Brok et al.,

1994; Dawson et al., 1983; Hoffman DR, 1994; Pete er al., 1994; Schmiel er al., 1998), the
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application of phospholipase A, in phospholipid modification has been limited due to its low
stability and poor availability. Moreover, crystallographic and structural data of phospholipase
A, have not been elucidated as yet. Since evolutionary protein engineering technique was an
alternative and more useful approach for modifying enzymes in the absence of such knowledge,
we, therefore, attempted to use evolutionary molecular engineering to improve phospholipase
A, for practical purposes.

Evolutionary engineering used in this study was the technique of preparing protein variants by
using mutagenic PCR, expressing the protein and then screening for those with improved
thermostability. In the present study, we enhanced catalytic activity as well as thermostability of
phospholipase A, from Serratia sp. MK1 by the evolutionary technique. For this purpose, we
developed a filter-based screening system that could identify both properties on single
processed filter, in which catalytic activity of heat-treated mutant library was assayed on the
phosphatidylcholine-containing gel at normal temperature. We reported two thermostable
phospholipase A; mutants which exhibit higher activity at temperature range examined than that
of the wild-type (Song and Rhee, 2000). Details are presented in this paper (Song and Rhee,
2000).

References

1. Arnold, F. H., and J. C. Moore. 1997. Optimizing industrial enzymes by directed evolution.
Adv. Biochem. Eng. Biotechnol. 58:1-14.

2. Amold, F. H, and A. A. Volkov. 1999. Directed evolution of biocatalysts. Curr. Opin.
Chem. Biol. 3:54-59.

3. Brok, R. G, E. Brinkman, R. van Boxtel, A. C. Bekkers, H. M. Verheij, and J. Tommassen.
1994. Molecular characterization of enterobacterial pldA genes encoding outer membrane
phospholipase A. J. Bacteriol. 176:861-870.

4. Cadwell, R. C, and G. F. Joyce. 1992. Randomization of genes by PCR mutagenesis. PCR.
Methods. Appl. 2:28-33.

S. Dawson, R. M., R. F. Irvine, N. Hemington, and K. Hirasawa. 1983. The alkaline
phospholipase A, of rat liver cytosol. Biochem. J. 209:865-872.

6. Durieux, M. E., and K. R. Lynch. 1993. Signalling properties of lysophosphatidic acid.
Trends. Pharmacol. Sci. 14:249-254,

7. Egmond, M. R., W. P. Antheunisse, P. Ravestein, A. T. Mooren, and J. de Vlieg. 1996.
Engineering surface charges in a subtilisin. Adv. Exp. Med. Biol. 379:219-228.

8. Fairman, R., H. G. Chao, T. B. Lavoie, J. J. Villafranca, G. R. Matsueda, and J. Novotny.
1996. Design of heterotetrameric coiled coils: evidence for increased stabilization by Glu(-)-
Lys(+) ion pair interactions. Biochemistry. 35:2824-2829.

9. Giver, L., A. Gershenson, P. O. Freskgard, and F. H. Arnold. 1998. Directed evolution of a

170



thermostable esterase. Proc. Natl. Acad. Sci. USA. 95:12809-12813.

10. Hoffman, D. R. 1994. Allergens in hymenoptera venom. XXVI: The complete amino acid
sequences of two vespid venom phospholipases. Int. Arch. Allergy. Immunol. 104:184-190.

11. Noda, Y., Y. Fukuda, and S. Segawa. 1997. A two-dimensional NMR study of exchange
behavior of amide hydrogens in a lysozyme derivative with an extra cross-link between
Glu35 and Trp108--quenching of cooperative fluctuations and effects on the protein stability.
Biopolymers. 41:131-143.

12. Palta, J. P, and K. M. Farag. June 1992. Plant and fruit treatment with
lysophosphatidylethanolamine. U.S. patent 5,126,155.

13. Pantoliano, M. W., M. Whitlow, J. F. Wood, M. L. Rollence, B. C. Finzel, G. L. Gilliland, T.
L. Poulos, and P. N. Bryan. 1988. The engineering of binding affinity at metal ion binding
sites for the stabilization of proteins: subtilisin as a test case. Biochemistry. 27:8311-8317.

14. Pete, M. 1., A. H. Ross, and J. H. Exton. 1994. Purification and properties of phospholipase
A, from bovine brain. J. Biol. Chem. 269:19494-19500.

15. Reasor, M. J., and S. Kacew. 1996. An evaluation of possible mechanisms underlying
amiodarone-induced pulmonary toxicity. Proc. Soc. Exp. Biol. Med. 212:297-304.

16. Reiter, Y., U. Brinkmann, S. H. Jung, l. Pastan, and B. Lee. 1995. Disulfide stabilization of
antibody Fv: computer predictions and experimental evaluation. Protein. Eng. 8:1323-1331.

17. Rubingh, D. N. 1997. Protein engineering from a bioindustrial point of view. Curr. Opin.
Biotechnol. 8:417-422.

18. Schmiel, D. H., E. Wagar, L. Karamanou, D. Weeks, and V. L. Miller. 1998. Phospholipase
A of Yersinia enterocolitica contributes to pathogenesis in a mouse model. Infect. Immun.
66:3941-3951.

19. Song, J. K., M. K. Kim, and J. S. Rhee. 1999. Cloning and expression of the gene encoding
phospholipase A, from Serratia sp. MK1 in Escherichia coli. J. Biotechnol. 72:103-114.

20. Song, J.K., and J. S. Rhee. 2000. Simultaneous enhancement of thermostability and
catalytic activity of phospholipase Al by evolutionary molecular engineering. Appl.
Environ. Microbiol. 66(3):890-894

21. Stemmer, W. P. 1994. DNA shuffling by random fragmentation and reassembly: in vitro
recombination for molecular evolution. Proc. Natl. Acad. Sci. USA. 91:10747-10751.

22. Taguchi, S., A. Ozaki, and H. Momose. 1998. Engineering of a cold-adapted protease by
sequential random mutagenesis and a screening system. Appl. Environ. Microbiol. 64:492-
495.

23. Yano, T., S. Oue, and H. Kagamiyama. 1998. Directed evolution of an aspartate
aminotransferase with new substrate specificities. Proc. Natl. Acad. Sci. USA. 95:5511-
5515.

24. Yutani, K., K. Ogasahara, T. Tsujita, and Y. Sugino. 1987. Dependence of conformational
stability on hydrophobicity of the amino acid residue in a series of variant proteins
substituted at a unique position of tryptophan synthase alpha subunit. Proc. Natl. Acad. Sci.
USA. 84:4441-4444,

25. Zhao, H., and F. H. Arnold. 1999. Directed evolution converts subtilisin E into a functional
equivalent of thermitase. Protein. Eng. 12:47-53.

17



